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Outline

• Introduction 

• SGS and Wall Models
– Virtual wall boundary conditions

• WMLES of flow past airfoils

• WMLES of flow past periodic hills 

• Conclusion
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Turbulent boundary layer (TBL)
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Fluid Mechanics: Reynolds number (Re)

Re:

Wall modeled LES or Hybrid RANS-LES

Wall-resolved LES  

103                104 105               106 107 108 109

Re13/7  ~Re1.86

Re1

Turbulent boundary layer (TBL)

• Computer Resources

• Accurate Modeling/Simulation 

Key flow features:
• Turbulence
• Transition
• Separation
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NASA: Critical challenges in CFD ---- Separation 
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• NASA’s 2014 Aerosciences: Top three challenges

– Prediction of unsteady separated flows
– Aero-plume interaction prediction
– Aerothermal prediction

• NASA CFD 2030 VISION 
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Direct Numerical Simulation (DNS) vs Large-Eddy Simulation (LES)

Re = 10k (Dimotakis et al. 
1983)

8
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Re = 10k (Dimotakis et al. 
1983)

DNS

LES
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Direct Numerical Simulation (DNS) vs Large-Eddy Simulation (LES)
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LES  for wall-bounded flows

(Falco 1977)

10Head & Bandyopandhyay (1981)
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LES  for wall-bounded flows

(Falco 1977)
11

Wall-modeled 
region True wall

Outer-flow sub-grid scale model
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• Apply filtering operation to incompressible Navier-Stokes equations

• ``unresolved stresses’’ must be modeled:  this is the ``closure problem’’Tij

• Filtering process on NS equations is strictly formal:  no particular filter  is actually needed

Tij

Filtered  Navier-Stokes Equations
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• Structure-based approach

• Subgrid motion represented by nearly 
axisymmetric vortex tube within each cell

• Local solution of NS equations for 
stretched-spiral vortex
– Lundgren (1982), Pullin & Lundgren (2001) 

• Subgrid stress:

Explicit SGS model: stretched-vortex model
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Model parameters

• Subgrid energy spectrum (Lundgren, 1982)

• Parameters obtained from resolved-scale, second order velocity structure-functions (Lesieur et al)

• Align SGS vortex axis with principal extensional eigenvector of
• See Misra & Pullin (1997), Voelkl & Pullin (2000) for details

b
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Regular 
LES

15

Virtual wall

h0~0.01δ

Outer flow:  LES with stretched-vortex SGS model

LES + wall model for high Re flow



fps
Discovery through simulation

Regular 
LES

Wall model

Wall Model 16

Wall-model based on idea of attached eddies (Townsend)

Virtual wall

h0~0.01
Slip at virtual 
wall

LES + wall model for high Re flow
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Wall Model – Essential Idea

• Inner scaling combined with wall normal integration filter

• Main points to note
– Mean flow aligned with streamwise direction
– Classical inner scaling
– Near wall integration approach

A general wall-parallel filter wall-normal integration filter
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Wall Model 

• Attached-eddy ansatz in overlap region (Townsend, 1976)
– Hierarchy of streamwise ``attached’’ SGS vortices whose size scales with distance from wall
– Extended stretched-vortex SGS model with attached-eddy assumption
– SGS model gives  log relationship for slip-velocity at lifted wall position z = h0
– ``Karman constant’’ calculated dynamically

• ODE for wall shear stress (or uτ) at every wall point
– Wall-normal  integration of streamwise momentum equation
– Top-hat filter normal to the wall, 0 <z < h  :   h = Δ z > h0
– Local inner-scaling reduction for unsteady term

• Chung & Pullin , JFM (2009)
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Wall model: 2D version
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1D is not sufficient.
We need 2D wall model

W. Cheng, D. I. Pullin, R. Samtaney. Large-eddy simulation of separation and reattachment of a 
turbulent boundary layer, Journal of Fluid Mechanics, 2015. 
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• Filtering (wall parallel and top hat in wall normal direction

• Inner scaling combined with wall normal integration filter

• ODE for wall shear stress
– Terms C1 and C2 depend on resolved fields at first mesh point above virtual wall

• Dirichlet Wall BC
– Similar to Cheng et al. (JFM 2015)

• q dependence can be taken into account
– q does not vary from first mesh point to the

wall (similar to Cheng et al.)

Wall model: ODE for Wall Shear Stress and Dirichlet BC for Velocity

20
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Application 1
Separated Flow Past Airfoils

W. Gao, W. Zhang, W. Cheng, R. Samtaney. Wall-modelled large-eddy simulation of turbulent flow 
past airfoils, Journal of Fluid Mechanics, 2019, 873:174-210. 
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LES of Flow Past an Airfoil: Background 
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Numerical Setup

All model 
“parameters”
held fixed for
all cases.

No “tweaking”
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NACA0012, Rec=104: Cp and Cf

Circles: WMLES; Lines: DNS
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NACA0012, Rec=104: us

x/C=[0.1,0.9] with equal distance 0.1

Circles: DNS; Lines: WMLES
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NACA0012, Rec=104:

DNS

WMLES

�u0v0

<latexit sha1_base64="Bhrwl+em7SMBMLT+Dg3V50KNqFw=">AAACC3icbVC7TgJBFJ31ifhCLW02EIONZNdgtCTaWGIij4QlZHa4wITZR2buEslmext/xcZCY2z9ATv/xtmFQsGTTHJy7j333jluKLhCy/o2VlbX1jc2c1v57Z3dvf3CwWFTBZFk0GCBCGTbpQoE96GBHAW0QwnUcwW03PFNWm9NQCoe+Pc4DaHr0aHPB5xR1FKvUHQQHjCbE7sigiQ+cwJtSOfFUXlSTpJeoWRVrAzmMrHnpETmqPcKX04/YJEHPjJBlerYVojdmErkTECSdyIFIWVjOoSOpj71QHXj7IbEPNFK3xwEUj8fzUz97Yipp9TUc3WnR3GkFmup+F+tE+HgqhtzP4wQfDZbNIiEiYGZBmP2uQSGYqoJZZLrW002opIy1PHldQj24peXSfO8YlcrF3fVUu16HkeOHJMiOSU2uSQ1ckvqpEEYeSTP5JW8GU/Gi/FufMxaV4y554j8gfH5A4eam/0=</latexit>

�u0v0/U2
1 = [�0.001, 0.06]

<latexit sha1_base64="I//vmDQkwDIorcs4S1yRwpUBJXw=">AAACGHicbVDLTgIxFO3gC/E16tJNIxhcCMwQXxsTohuXmMgjgZF0SgcaOp1J2yEhEz7Djb/ixoXGuGXn39gBFgrepM3puefk9h43ZFQqy/o2Uiura+sb6c3M1vbO7p65f1CXQSQwqeGABaLpIkkY5aSmqGKkGQqCfJeRhju4S/qNIRGSBvxRjULi+KjHqUcxUprqmKVcoR1oQeKPo/wwPy7VnsqduE25p0ZjeANbBatoWfaZvi+dXMfMJs+k4DKw5yAL5lXtmJN2N8CRT7jCDEnZsq1QOTESimJGxpl2JEmI8AD1SEtDjnwinXi62BieaKYLvUDowxWcsr8dMfKlHPmuVvpI9eViLyH/67Ui5V07MeVhpAjHs0FexKAKYJIS7FJBsGIjDRAWVP8V4j4SCCudZUaHYC+uvAzq5aJ9Xrx4KGcrt/M40uAIHINTYIMrUAH3oApqAINn8ArewYfxYrwZn8bXTJoy5p5D8KeMyQ/rg50f</latexit>
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NACA0018, Rec=105: Cp and Cf

Circles: experimental data from Kirk & Yarusevych (2017) 

Red solid lines: WMLES

xs/C = 0.24± 0.02, xr/C = 0.52± 0.02

<latexit sha1_base64="AMfAPqcJEJy+Slv/vuAEYwsb4kU="></latexit>

xs/C = 0.21, xr/C = 0.45

<latexit sha1_base64="re/ndT5igpiE4Ebm2ifI2PTTk6Y=">AAAB/3icdZBNS0JBFIbn9mn2ZQVt2gxKEBQ2I5q6CCQ3LQ3yA1Quc8dRB+d+MDM3FHPRf+gXtGlRRNv+Rjv/TXO1oKIODDy87zmcM68TCK40QlNrYXFpeWU1thZf39jc2k7s7NaUH0rKqtQXvmw4RDHBPVbVXAvWCCQjriNY3RmUI79+w6TivnetRwFru6Tn8S6nRBvJTuwPbXVaPkfpDIYnQ1vOOJuzEymURghhjGEEOH+GDBSLhQwuQBxZplKlZOv4floaVezEe6vj09BlnqaCKNXEKNDtMZGaU8Em8VaoWEDogPRY06BHXKba49n9E3holA7s+tI8T8OZ+n1iTFylRq5jOl2i++q3F4l/ec1QdwvtMfeCUDOPzhd1QwG1D6MwYIdLRrUYGSBUcnMrpH0iCdUmsrgJ4eun8H+oZdI4m85dmTQuwLxi4AAkwRHAIA9K4BJUQBVQcAsewBN4tu6sR+vFep23LlifM3vgR1lvHxw4lpU=</latexit>
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NACA0018, Rec=105: u

x/C=[0.2,0.48] with

equal distance 0.02

x/C=0.50, 0.52, 0.54, 
0.56, 0.60, 0.66, 
0.73, 0.87 
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NACA0018, Rec=105:

x/C=[0.2,0.48] with

equal distance 0.02

x/C=0.50, 0.52, 0.54, 
0.56, 0.60, 0.66, 
0.73, 0.87 

p
u0u0/U1

<latexit sha1_base64="4ahO7JT2/ctmGaExydVkDL/gjaI="></latexit>
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Aérospatiale A-airfoil, Rec=2.1x106: Cp and Cf

Circles: experimental data from Gleyzes (1988),

Cross: WRLES from Mary & Sagaut (2002)

Plus: WRLES from Asada & Kawai (2018) 

Lines: WMLES,

xs/C ⇡ 0.82

<latexit sha1_base64="9VSoSUS3/yvnE2R8ww9ieUkGJuk=">AAAB+3icdVDLSgMxFM34rPU11qWb0CIIwpgUtdNdsRuXFewD2lIyadqGZh4kGWkZ+heu3bhQxK0/4q5/Y6ZVUNEDFw7n3Mu993iR4EojNLdWVtfWNzYzW9ntnd29ffsg11BhLCmr01CEsuURxQQPWF1zLVgrkoz4nmBNb1xN/eYdk4qHwa2eRqzrk2HAB5wSbaSenZv01FkVdkgUyXACkeMWe3YBOQghjDFMCS5dIkPKZbeIXYhTy6BQyXdO7+eVaa1nv3f6IY19FmgqiFJtjCLdTYjUnAo2y3ZixSJCx2TI2oYGxGeqmyxun8Fjo/ThIJSmAg0X6veJhPhKTX3PdPpEj9RvLxX/8tqxHrjdhAdRrFlAl4sGsYA6hGkQsM8lo1pMDSFUcnMrpCMiCdUmrqwJ4etT+D9pFB187lzcmDSuwBIZcATy4ARgUAIVcA1qoA4omIAH8ASerZn1aL1Yr8vWFetz5hD8gPX2AWpylmI=</latexit>

xs/C = 0.9

<latexit sha1_base64="zgvDxIu/rP6SLRZ+9tUevKyoHp4=">AAAB8XicdVDLSgMxFM34rPVVdekmtAiCMCZFbbsQit24rGAf2A4lk6ZtaCYzJBmxlP5FNy4UcevfuOvfmGkVVPTAhcM593LvPX4kuDYIzZyl5ZXVtfXURnpza3tnN7O3X9dhrCir0VCEqukTzQSXrGa4EawZKUYCX7CGP6wkfuOeKc1DeWtGEfMC0pe8xykxVrp76OjTCrxEbqmTySEXIYQxhgnBhQtkSalUzOMixIllkStn2yfTWXlU7WTe292QxgGThgqidQujyHhjogyngk3S7ViziNAh6bOWpZIETHvj+cUTeGSVLuyFypY0cK5+nxiTQOtR4NvOgJiB/u0l4l9eKza9ojfmMooNk3SxqBcLaEKYvA+7XDFqxMgSQhW3t0I6IIpQY0NK2xC+PoX/k3rexWfu+Y1N4woskAKHIAuOAQYFUAbXoApqgAIJpuAJPDvaeXRenNdF65LzOXMAfsB5+wAIeZLX</latexit>
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Aérospatiale A-airfoil, Rec=2.1x106: us

Circles: experimental data from Gleyzes (1988)

Lines: WMLES

x/C= 0.3, 0.5, 0.7, 0.825, 0.87, 0.93, 0.99. 
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Aérospatiale A-airfoil, Rec=2.1x106: u0
iu

0
j

<latexit sha1_base64="5k/i0SHnp175TYsBfo4xij82ihk=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvoQsqkqG1dFd24bME+oC0lk6ZtbGYyJBlhGOp3uHPjQhF3ov/hzr8x0yqo6IELh3PuITfHDThT2nHerdTc/MLiUno5s7K6tr5hb241lAgloXUiuJAtFyvKmU/rmmlOW4Gk2HM5bbrjs8RvXlGpmPAvdBTQroeHPhswgrWRena2I4ydpONwr8fMXE56ds7JO46DEIIJQcVjx5ByuVRAJYgSyyBXyZ88vx7Ubqo9+63TFyT0qK8Jx0q1kRPoboylZoTTSaYTKhpgMsZD2jbUxx5V3Xh6/ATuGqUPB0Ka8TWcqt8TMfaUijzXbHpYj9RvLxH/8tqhHpS6MfODUFOfzB4ahBxqAZMmYJ9JSjSPDMFEMnMrJCMsMdGmr4wp4eun8H/SKOTRYf6oZto4BTOkwTbYAfsAgSKogHNQBXVAQARuwT14sK6tO+vRepqtpqzPTBb8gPXyAXPFmEw=</latexit>
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Anisotropy of the Flow: Lumley Triangle 

Anisotropy tensor: characterized by two invariants (Lumley 1978, 
Choi & Lumley 2001):

bij = u0
iu

0
j/u

0
ku

0
k � �ij/3

<latexit sha1_base64="4jIg8/Ah5VOoWusZbqkt4i2gcTQ="></latexit>

II = �bijbij/2, III = bijbjkbki/3

<latexit sha1_base64="+DecnmBIbJHCzmfU/Vi4rhbwvCo="></latexit>

Anisotropy invariant map (AIM): -Plane (�, )

<latexit sha1_base64="r6YZgWW5E/pjZb5f0Lx/f+mubEY=">AAAB83icdVDLSgMxFM3UV62vqks3oSJUlDIpattd0Y3LCvYBnaFk0kwbmpkJSUYYhv6FuHGhiFt/xl3/xkyroKIHLhzOuZd77/EEZ0rb9szKLS2vrK7l1wsbm1vbO8XdvY6KYklom0Q8kj0PK8pZSNuaaU57QlIceJx2vclV5nfvqFQsCm91Iqgb4FHIfEawNpJTdsSYnUJHKHY8KB7aFdu2EUIwI6h2YRvSaNSrqA5RZhkcNkvOyf2smbQGxXdnGJE4oKEmHCvVR7bQboqlZoTTacGJFRWYTPCI9g0NcUCVm85vnsIjowyhH0lToYZz9ftEigOlksAznQHWY/Xby8S/vH6s/bqbslDEmoZksciPOdQRzAKAQyYp0TwxBBPJzK2QjLHERJuYCiaEr0/h/6RTraCzyvmNSeMSLJAHB6AEygCBGmiCa9ACbUCAAA/gCTxbsfVovVivi9ac9TmzD37AevsAKOCUHQ==</latexit>

� =

✓
III

2

◆1/3

,  =

✓
�II

3

◆1/2

<latexit sha1_base64="uOHdytPNxehuaqb9woXWi0Q5rXA="></latexit>

(0, 0): 3D isotropic turbulence 

(-1/6,1/6): two-component (2C) 

isotropic turbulence

(1/3, 1/3): one-component turbulence 

Realizability condition: all states must lie
within Lumley Triangle

Ciga
r

tur
bu

len
ce

Pancake

turbulence
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Anisotropy of the Flow: NACA0012, Rec=104

WMLES

x/C = 0.92

<latexit sha1_base64="f/C3mTMCGoV1qY2EBxoxrRxo3Kw=">AAAB73icdVDLSgMxFM34rPVVdekmtAiCMCZFbbsQit24rGAf0A4lk6ZtaOZhkhGHoT8hggtF3Po77vo3ZloFFT1w4XDOvdx7jxsKrjRCU2thcWl5ZTWzll3f2Nzazu3sNlUQScoaNBCBbLtEMcF91tBcC9YOJSOeK1jLHddSv3XLpOKBf63jkDkeGfp8wCnRRmrfHdfOkV0p9nIFZCOEMMYwJbh0hgypVMpFXIY4tQwK1Xz36GFajeu93Hu3H9DIY76mgijVwSjUTkKk5lSwSbYbKRYSOiZD1jHUJx5TTjK7dwIPjNKHg0Ca8jWcqd8nEuIpFXuu6fSIHqnfXir+5XUiPSg7CffDSDOfzhcNIgF1ANPnYZ9LRrWIDSFUcnMrpCMiCdUmoqwJ4etT+D9pFm18Yp9emTQuwBwZsA/y4BBgUAJVcAnqoAEoEOAePIFn68Z6tF6s13nrgvU5swd+wHr7AJS8kgM=</latexit>

x/C = 0.8

<latexit sha1_base64="+OW1+YKhdQlW9cfjvC2dO2UNc3Y=">AAAB7nicdVDLSgMxFM3UV62vqks3oUUQhDEpaqcLodiNywr2AW0pmTRtQzOZIcmIpfQjBHGhiFu/x13/xkyroKIHLhzOuZd77/EjwbVBaOaklpZXVtfS65mNza3tnezuXl2HsaKsRkMRqqZPNBNcsprhRrBmpBgJfMEa/qiS+I1bpjQP5Y0ZR6wTkIHkfU6JsVLj7qRygVyvm80jFyGEMYYJwcVzZEmp5BWwB3FiWeTLufbxw6w8rnaz7+1eSOOASUMF0bqFUWQ6E6IMp4JNM+1Ys4jQERmwlqWSBEx3JvNzp/DQKj3YD5UtaeBc/T4xIYHW48C3nQExQ/3bS8S/vFZs+l5nwmUUGybpYlE/FtCEMPkd9rhi1IixJYQqbm+FdEgUocYmlLEhfH0K/yf1gotP3bNrm8YlWCANDkAOHAEMiqAMrkAV1AAFI3APnsCzEzmPzovzumhNOZ8z++AHnLcPIMKRxg==</latexit>

x/C = 0.92

<latexit sha1_base64="f/C3mTMCGoV1qY2EBxoxrRxo3Kw=">AAAB73icdVDLSgMxFM34rPVVdekmtAiCMCZFbbsQit24rGAf0A4lk6ZtaOZhkhGHoT8hggtF3Po77vo3ZloFFT1w4XDOvdx7jxsKrjRCU2thcWl5ZTWzll3f2Nzazu3sNlUQScoaNBCBbLtEMcF91tBcC9YOJSOeK1jLHddSv3XLpOKBf63jkDkeGfp8wCnRRmrfHdfOkV0p9nIFZCOEMMYwJbh0hgypVMpFXIY4tQwK1Xz36GFajeu93Hu3H9DIY76mgijVwSjUTkKk5lSwSbYbKRYSOiZD1jHUJx5TTjK7dwIPjNKHg0Ca8jWcqd8nEuIpFXuu6fSIHqnfXir+5XUiPSg7CffDSDOfzhcNIgF1ANPnYZ9LRrWIDSFUcnMrpCMiCdUmoqwJ4etT+D9pFm18Yp9emTQuwBwZsA/y4BBgUAJVcAnqoAEoEOAePIFn68Z6tF6s13nrgvU5swd+wHr7AJS8kgM=</latexit>

x/C = 0.96

<latexit sha1_base64="ORQKjaCsBfoIZkPBZDK3fx/kyPg=">AAAB73icdVDLSgMxFM3UV62vqks3oUUQhJoU7WMhFLtxWcE+oC0lk2ba0MzDJCMOQ39CBBeKuPV33PVvzLQKKnrgwuGce7n3HjsQXGmEZlZqaXlldS29ntnY3Nreye7utZQfSsqa1Be+7NhEMcE91tRcC9YJJCOuLVjbntQTv33LpOK+d62jgPVdMvK4wynRRurcndTPUaFaGmTzqIAQwhjDhOByCRlSrVaKuAJxYhnka7ne8cOsFjUG2ffe0KehyzxNBVGqi1Gg+zGRmlPBppleqFhA6ISMWNdQj7hM9eP5vVN4aJQhdHxpytNwrn6fiImrVOTaptMleqx+e4n4l9cNtVPpx9wLQs08uljkhAJqHybPwyGXjGoRGUKo5OZWSMdEEqpNRBkTwten8H/SKhbwaeHsyqRxARZIgwOQA0cAgzKogUvQAE1AgQD34Ak8WzfWo/VivS5aU9bnzD74AevtA5rMkgc=</latexit>

x/C = 0.98

<latexit sha1_base64="VYEDrcvl1QY27yYqK4EBV5Y+z6Q=">AAAB73icdVDLSgMxFM34rPVVdekmtAiCMCZF7XQhFLtxWcE+oC0lk6ZtaCYzJhmxlP6ECC4UcevvuOvfmGkVVPTAhcM593LvPX4kuDYITZ2FxaXlldXUWnp9Y3NrO7OzW9NhrCir0lCEquETzQSXrGq4EawRKUYCX7C6Pywnfv2WKc1DeW1GEWsHpC95j1NirNS4Oy6fI7fodTI55CKEMMYwIbhwhiwpFr089iBOLItcKds6epiWRpVO5r3VDWkcMGmoIFo3MYpMe0yU4VSwSboVaxYROiR91rRUkoDp9nh27wQeWKULe6GyJQ2cqd8nxiTQehT4tjMgZqB/e4n4l9eMTc9rj7mMYsMknS/qxQKaECbPwy5XjBoxsoRQxe2tkA6IItTYiNI2hK9P4f+klnfxiXt6ZdO4AHOkwD7IgkOAQQGUwCWogCqgQIB78ASenRvn0XlxXuetC87nzB74AeftA53Ukgk=</latexit>

DNS
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Anisotropy of the Flow: NACA0018, Rec=105

x/C = 0.65

<latexit sha1_base64="H02Fx3mRTGkxdpyKGROxjNQPamw=">AAAB73icdVDLSgMxFM34rPVVdekmtAiCMCbFvhZCsRuXFewD2lIyaaYNzTxMMuJQ+hMiuFDErb/jrn9jplVQ0QMXDufcy733OKHgSiM0s5aWV1bX1lMb6c2t7Z3dzN5+UwWRpKxBAxHItkMUE9xnDc21YO1QMuI5grWccS3xW7dMKh741zoOWc8jQ5+7nBJtpPbdae0c2cVCP5NDNkIIYwwTgktFZEilUs7jMsSJZZCrZrsnD7NqXO9n3ruDgEYe8zUVRKkORqHuTYjUnAo2TXcjxUJCx2TIOob6xGOqN5nfO4VHRhlAN5CmfA3n6veJCfGUij3HdHpEj9RvLxH/8jqRdsu9CffDSDOfLha5kYA6gMnzcMAlo1rEhhAqubkV0hGRhGoTUdqE8PUp/J808zY+swtXJo0LsEAKHIIsOAYYlEAVXII6aAAKBLgHT+DZurEerRfrddG6ZH3OHIAfsN4+AJS5kgM=</latexit>

x/C = 0.95

<latexit sha1_base64="cc9AYWwN98JQFDs7kkQ+kF5EGQs=">AAAB73icdVDLSgMxFM3UV62vqks3oUUQhJoUa9uFUOzGZQX7gLaUTJppQzMPk4w4DP0JEVwo4tbfcde/MdMqqOiBC4dz7uXee+xAcKURmlmppeWV1bX0emZjc2t7J7u711J+KClrUl/4smMTxQT3WFNzLVgnkIy4tmBte1JP/PYtk4r73rWOAtZ3ycjjDqdEG6lzd1I/R4VqaZDNowJCCGMME4LLZ8iQarVSxBWIE8sgX8v1jh9mtagxyL73hj4NXeZpKohSXYwC3Y+J1JwKNs30QsUCQidkxLqGesRlqh/P753CQ6MMoeNLU56Gc/X7RExcpSLXNp0u0WP120vEv7xuqJ1KP+ZeEGrm0cUiJxRQ+zB5Hg65ZFSLyBBCJTe3QjomklBtIsqYEL4+hf+TVrGATwulK5PGBVggDQ5ADhwBDMqgBi5BAzQBBQLcgyfwbN1Yj9aL9bpoTVmfM/vgB6y3D5lIkgY=</latexit>



fps
Discovery through simulation

36

Anisotropy of the Flow: A-airfoil, Rec=2.1x106

x/C = 0.55

<latexit sha1_base64="shrw3Dvj50GTtxXqxD8321Ii3XA=">AAAB73icdVDLSgMxFM3UV62vqks3oUUQhJoUa9uFUOzGZQX7gLaUTJppQzMPk4w4DP0JEVwo4tbfcde/MdMqqOiBC4dz7uXee+xAcKURmlmppeWV1bX0emZjc2t7J7u711J+KClrUl/4smMTxQT3WFNzLVgnkIy4tmBte1JP/PYtk4r73rWOAtZ3ycjjDqdEG6lzd1I/R4VSaZDNowJCCGMME4LLZ8iQarVSxBWIE8sgX8v1jh9mtagxyL73hj4NXeZpKohSXYwC3Y+J1JwKNs30QsUCQidkxLqGesRlqh/P753CQ6MMoeNLU56Gc/X7RExcpSLXNp0u0WP120vEv7xuqJ1KP+ZeEGrm0cUiJxRQ+zB5Hg65ZFSLyBBCJTe3QjomklBtIsqYEL4+hf+TVrGATwulK5PGBVggDQ5ADhwBDMqgBi5BAzQBBQLcgyfwbN1Yj9aL9bpoTVmfM/vgB6y3D5M0kgI=</latexit>

x/C = 0.96

<latexit sha1_base64="ORQKjaCsBfoIZkPBZDK3fx/kyPg=">AAAB73icdVDLSgMxFM3UV62vqks3oUUQhJoU7WMhFLtxWcE+oC0lk2ba0MzDJCMOQ39CBBeKuPV33PVvzLQKKnrgwuGce7n3HjsQXGmEZlZqaXlldS29ntnY3Nreye7utZQfSsqa1Be+7NhEMcE91tRcC9YJJCOuLVjbntQTv33LpOK+d62jgPVdMvK4wynRRurcndTPUaFaGmTzqIAQwhjDhOByCRlSrVaKuAJxYhnka7ne8cOsFjUG2ffe0KehyzxNBVGqi1Gg+zGRmlPBppleqFhA6ISMWNdQj7hM9eP5vVN4aJQhdHxpytNwrn6fiImrVOTaptMleqx+e4n4l9cNtVPpx9wLQs08uljkhAJqHybPwyGXjGoRGUKo5OZWSMdEEqpNRBkTwten8H/SKhbwaeHsyqRxARZIgwOQA0cAgzKogUvQAE1AgQD34Ak8WzfWo/VivS5aU9bnzD74AevtA5rMkgc=</latexit>
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Unsteady Flow Separation and Reattachment 

NACA0012

Rec=104

(a) 80.21

(b) 82.16

(c) 83.72

(d) 85.22

tU1/C =

<latexit sha1_base64="iSyayyB8eqIm4BDN/eQd70Bpnvw=">AAAB9XicdVBNSwMxEM36WetX1aOXYBEEoW6KH/UgFHvxqOBqoa0lm2bb0Gx2SWaVZem/8ODFgyJe/S/e/DdmrYKKPhh4vDfDzDw/lsKA6745E5NT0zOzhbni/MLi0nJpZfXCRIlm3GORjHTTp4ZLobgHAiRvxprT0Jf80h82cv/ymmsjInUOacw7Ie0rEQhGwUpX4HWztlABpKOdxlG3VHYrrusSQnBOyMG+a8nhYa1KapjklkW5vtHevn2rp6fd0mu7F7Ek5AqYpMa0iBtDJ6MaBJN8VGwnhseUDWmftyxVNOSmk31cPcKbVunhINK2FOAP9ftERkNj0tC3nSGFgfnt5eJfXiuBoNbJhIoT4IqNFwWJxBDhPALcE5ozkKkllGlhb8VsQDVlYIMq2hC+PsX/k4tqhexW9s5sGsdojAJaRxtoCxF0gOroBJ0iDzGk0R16QI/OjXPvPDnP49YJ53NmDf2A8/IOtReVpA==</latexit>
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Unsteady Flow Separation and Reattachment 

NACA0018

Rec=105

(a) 57.59

(b) 57.74

(c) 58.49

(d) 59.13

tU1/C =

<latexit sha1_base64="iSyayyB8eqIm4BDN/eQd70Bpnvw=">AAAB9XicdVBNSwMxEM36WetX1aOXYBEEoW6KH/UgFHvxqOBqoa0lm2bb0Gx2SWaVZem/8ODFgyJe/S/e/DdmrYKKPhh4vDfDzDw/lsKA6745E5NT0zOzhbni/MLi0nJpZfXCRIlm3GORjHTTp4ZLobgHAiRvxprT0Jf80h82cv/ymmsjInUOacw7Ie0rEQhGwUpX4HWztlABpKOdxlG3VHYrrusSQnBOyMG+a8nhYa1KapjklkW5vtHevn2rp6fd0mu7F7Ek5AqYpMa0iBtDJ6MaBJN8VGwnhseUDWmftyxVNOSmk31cPcKbVunhINK2FOAP9ftERkNj0tC3nSGFgfnt5eJfXiuBoNbJhIoT4IqNFwWJxBDhPALcE5ozkKkllGlhb8VsQDVlYIMq2hC+PsX/k4tqhexW9s5sGsdojAJaRxtoCxF0gOroBJ0iDzGk0R16QI/OjXPvPDnP49YJ53NmDf2A8/IOtReVpA==</latexit>

xs/C = 0.21, xr/C = 0.45

<latexit sha1_base64="re/ndT5igpiE4Ebm2ifI2PTTk6Y=">AAAB/3icdZBNS0JBFIbn9mn2ZQVt2gxKEBQ2I5q6CCQ3LQ3yA1Quc8dRB+d+MDM3FHPRf+gXtGlRRNv+Rjv/TXO1oKIODDy87zmcM68TCK40QlNrYXFpeWU1thZf39jc2k7s7NaUH0rKqtQXvmw4RDHBPVbVXAvWCCQjriNY3RmUI79+w6TivnetRwFru6Tn8S6nRBvJTuwPbXVaPkfpDIYnQ1vOOJuzEymURghhjGEEOH+GDBSLhQwuQBxZplKlZOv4floaVezEe6vj09BlnqaCKNXEKNDtMZGaU8Em8VaoWEDogPRY06BHXKba49n9E3holA7s+tI8T8OZ+n1iTFylRq5jOl2i++q3F4l/ec1QdwvtMfeCUDOPzhd1QwG1D6MwYIdLRrUYGSBUcnMrpH0iCdUmsrgJ4eun8H+oZdI4m85dmTQuwLxi4AAkwRHAIA9K4BJUQBVQcAsewBN4tu6sR+vFep23LlifM3vgR1lvHxw4lpU=</latexit>
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Unsteady Flow Separation and Reattachment 

A-airfoil

Rec=2.1x106

(a) 15.92

(b) 16.91

tU1/C =

<latexit sha1_base64="iSyayyB8eqIm4BDN/eQd70Bpnvw=">AAAB9XicdVBNSwMxEM36WetX1aOXYBEEoW6KH/UgFHvxqOBqoa0lm2bb0Gx2SWaVZem/8ODFgyJe/S/e/DdmrYKKPhh4vDfDzDw/lsKA6745E5NT0zOzhbni/MLi0nJpZfXCRIlm3GORjHTTp4ZLobgHAiRvxprT0Jf80h82cv/ymmsjInUOacw7Ie0rEQhGwUpX4HWztlABpKOdxlG3VHYrrusSQnBOyMG+a8nhYa1KapjklkW5vtHevn2rp6fd0mu7F7Ek5AqYpMa0iBtDJ6MaBJN8VGwnhseUDWmftyxVNOSmk31cPcKbVunhINK2FOAP9ftERkNj0tC3nSGFgfnt5eJfXiuBoNbJhIoT4IqNFwWJxBDhPALcE5ozkKkllGlhb8VsQDVlYIMq2hC+PsX/k4tqhexW9s5sGsdojAJaRxtoCxF0gOroBJ0iDzGk0R16QI/OjXPvPDnP49YJ53NmDf2A8/IOtReVpA==</latexit>
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Application 2
Turbulent Flows in a Periodic Hill Channel

W. Gao, W. Cheng, R. Samtaney. Large-eddy simulations of turbulent flow in a channel with 
streamwise periodic constrictions, Journal of Fluid Mechanics, 2020, to appear. 
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Numerical Setup

All model 
“parameters”
held fixed for
all cases
and same
as the airfoil
simulations

No “tweaking”
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Reh=10595: Cp and Cf

Circles: bottom wall; Square: top wall, WRLES by Fröhlich et al. (2005)

Lines: WMLES

xs/h=0.22 xr/h =4.6 (4.21 in expt by Rapp&Manhart, 2011)
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Reh=10595: Mean Velocity Profiles

Circles: experiment by 

Rapp & Manhart (2011)

Lines: WMLES

Monitor lines are at x/h=

0.05,0.5,1,2,3,4,5,6,7,8 
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Reh=10595: Reynolds Stress

Circles: experiment by 

Rapp & Manhart (2011)

Dashed lines: WRLES by

Fröhlich et al. (2005)

Solid red lines: WMLES
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Reh=33000: Cp and Cf

Circles: bottom wall; Square: top wall, WRLES

Lines: WMLES

xs/h=0.27 xr/h =3.94 (0.34±0.05, 3.80±0.05  expt by Kähler et al. 2016)
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Reh=33000: Mean Velocity Profiles

Circles: experiment by 

Kähler et al. (2016)

Lines: WMLES

Monitor lines are at x/h=

[0,9] with equal gap 0.5
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Reh=33000: Reynolds Stress

Circles: experiment by 

Kähler et al. (2016)

Dashed lines: WRLES

Solid red lines: WMLES



fps
Discovery through simulation

48

Reynolds Number Effects and Peak Skin Friction

Circles: DNS/WRLES from Breuer et al. (2009) 

Cross: WRLES from Fröhlich et al. (2005) 

Squares: WMLES

Reh=105

Peak value of Cf from 700
to 105
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Skin Friction Inside the Separation Zone

UN: maximum back-flow velocity

N: distance of UN away from the wall

Circles: Reh=10595; Squares: Reh=33000; Cross: Reh=105

Dashed line: by Le, Moin & Kim (1997)

Solid line:

ReN = UNN/⌫

<latexit sha1_base64="fWD0UqJRxVXAvMVT+HyP3sVmAEM=">AAAB9XicdVBNSwMxEM36WetX1aOX0CIIQt0Ute1BKHrxVKq4baGtSzZN29BsdkmySln6Lzx48aCIV/+Lt/4bs62Cij4YeLw3w8w8L+RMadueWHPzC4tLy6mV9Ora+sZmZmu7roJIEuqQgAey6WFFORPU0Uxz2gwlxb7HacMbnid+45ZKxQJxrUch7fi4L1iPEayNdHNF3eqp41Zh9bAtIjeTs/O2bSOEYEJQ8cQ2pFwuFVAJosQyyFWy7YP7SWVUczPv7W5AIp8KTThWqoXsUHdiLDUjnI7T7UjREJMh7tOWoQL7VHXi6dVjuGeULuwF0pTQcKp+n4ixr9TI90ynj/VA/fYS8S+vFeleqRMzEUaaCjJb1Is41AFMIoBdJinRfGQIJpKZWyEZYImJNkGlTQhfn8L/Sb2QR0f540uTxhmYIQV2QRbsAwSKoAIuQA04gAAJHsATeLburEfrxXqdtc5ZnzM74Aestw9oj5TO</latexit>

Cf,UN = 2 |⌧w,s| /⇢U2
N

<latexit sha1_base64="+Okaolvp2LqH0yEBmXhk+RkVR4Q="></latexit>

Cf,UN ⇡ 4.5Re�0.92
N

<latexit sha1_base64="fxWcpDY5307dNKEjlRmU0/gob48="></latexit>

Cf,UN ⇡ 4.5Re�0.89
N

<latexit sha1_base64="B72lFp15M6wFPAF+WPI8U9zun8M="></latexit>
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Reynolds Number Effects: Separation/Reattachment Locations 
and Bubble Centroid/Size

Separation
Location

Reattachment
Location
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Scaling of Streamwise Velocity Profiles in the Separation Zone 

Reh=10595

WMLES

Reh=33000

WMLES

Reh=33000

WRLES

Reh=105

WMLES
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Scaling of Streamwise Velocity Profiles in the Separation Zone 

A=0.3: solid lines, Simpson (1983)

Reh=10595

WMLES

Reh=33000

WRLES

Reh=33000

WMLES

Reh=105

WMLES
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Instantaneous Skin Friction Field: Reh=10595

t = 456.6h/Ub

<latexit sha1_base64="yOZwpoP0Fcpri+rMQS5ZKJJ6BBU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GpPS50IounFZwWkL7VAyaaYNzTxIMkIZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57vFhwpRH6sHJr6xubW/ntws7u3v5B8fCoo6JEUubQSESy5xHFBA+Zo7kWrBdLRgJPsK43vc787j2TikfhnZ7FzA3IOOQ+p0QbaaAvK9WaXZtcOENvWCwhGyGEMYYZwfUaMqTZbJRxA+LMMiiBFdrD4vtgFNEkYKGmgijVxyjWbkqk5lSweWGQKBYTOiVj1jc0JAFTbrq4eQ7PjDKCfiRNhRou1O8TKQmUmgWe6QyInqjfXib+5fUT7TfclIdxollIl4v8REAdwSwAOOKSUS1mhhAqubkV0gmRhGoTU8GE8PUp/J90yjau2NXbSql1tYojD07AKTgHGNRBC9yANnAABTF4AE/g2UqsR+vFel225qzVzDH4AevtE0c6kJE=</latexit>

t = 522.9h/Ub

<latexit sha1_base64="U+mPulbLdXLHml6W5QaM3fhJXlU=">AAAB83icdVDLSgMxFM34rPVVdekmWARXYzK0tl0IRTcuKzhtoR1KJs20oZkHSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7j58IrjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKs4lZS5NBax7PpEMcEj5mquBesmkpHQF6zjT65zv3PPpOJxdKenCfNCMop4wCnRRurry6rj2I3xuTvwB6UyshFCGGOYE1y7QIY0GnUH1yHOLYMyWKI1KL33hzFNQxZpKohSPYwS7WVEak4FmxX7qWIJoRMyYj1DIxIy5WXzm2fw1ChDGMTSVKThXP0+kZFQqWnom86Q6LH67eXiX14v1UHdy3iUpJpFdLEoSAXUMcwDgEMuGdViagihkptbIR0TSag2MRVNCF+fwv9J27Fxxa7eVsrNq2UcBXAMTsAZwKAGmuAGtIALKEjAA3gCz1ZqPVov1uuidcVazhyBH7DePgFCkpCO</latexit>
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Instantaneous Skin Friction Field: Reh=33000

t = 186.7h/Ub

<latexit sha1_base64="7N7jg5mmKsl2lE6WRbiio54yr0Y=">AAAB83icdVDLSgMxFM34rPVVdekmWARXY1JqO10IRTcuKzhtoR1KJs20oZkHSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7j58IrjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKs4lZS5NBax7PpEMcEj5mquBesmkpHQF6zjT65zv3PPpOJxdKenCfNCMop4wCnRRurrS+zU7Pr43B34g1IZ2QghjDHMCa7XkCGNhlPBDsS5ZVAGS7QGpff+MKZpyCJNBVGqh1GivYxIzalgs2I/VSwhdEJGrGdoREKmvGx+8wyeGmUIg1iaijScq98nMhIqNQ190xkSPVa/vVz8y+ulOnC8jEdJqllEF4uCVEAdwzwAOOSSUS2mhhAqubkV0jGRhGoTU9GE8PUp/J+0Kzau2he31XLzahlHARyDE3AGMKiDJrgBLeACChLwAJ7As5Vaj9aL9bpoXbGWM0fgB6y3T0jAkJI=</latexit>

t = 267.9h/Ub

<latexit sha1_base64="U1aRcGxA+CRdiUJgd4isH+JDD+g=">AAAB83icdVDLSgMxFM34rPVVdekmWARXY1JqHwuh6MZlBacttEPJpJk2NJMZkoxQSn/DjQtF3Poz7vwbM20FFT1w4XDOvdx7T5AIrg1CH87K6tr6xmZuK7+9s7u3Xzg4bOk4VZR5NBax6gREM8El8ww3gnUSxUgUCNYOxteZ375nSvNY3plJwvyIDCUPOSXGSj1zWapU3fro3OsH/UIRuQghjDHMCK5WkCX1eq2EaxBnlkURLNHsF957g5imEZOGCqJ1F6PE+FOiDKeCzfK9VLOE0DEZsq6lkkRM+9P5zTN4apUBDGNlSxo4V79PTEmk9SQKbGdEzEj/9jLxL6+bmrDmT7lMUsMkXSwKUwFNDLMA4IArRo2YWEKo4vZWSEdEEWpsTHkbwten8H/SKrm47F7clouNq2UcOXAMTsAZwKAKGuAGNIEHKEjAA3gCz07qPDovzuuidcVZzhyBH3DePgFL0pCU</latexit>
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Instantaneous Skin Friction Field: Reh=105

t = 307.4h/Ub

<latexit sha1_base64="3TZe7iqnt1jZeshkD0Lrk0gByO0=">AAAB83icdVBNSwMxEM36WetX1aOXYBE8rUmttj0IRS8eK7htoV1KNs22odnskmSFUvo3vHhQxKt/xpv/xmxbQUUfDDzem2FmXpAIrg1CH87S8srq2npuI7+5tb2zW9jbb+o4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRteZ37pnSvNY3plxwvyIDCQPOSXGSl1zeYYqbnl46vWCXqGIXIQQxhhmBFcukCW1WrWEqxBnlkURLNDoFd67/ZimEZOGCqJ1B6PE+BOiDKeCTfPdVLOE0BEZsI6lkkRM+5PZzVN4bJU+DGNlSxo4U79PTEik9TgKbGdEzFD/9jLxL6+TmrDqT7hMUsMknS8KUwFNDLMAYJ8rRo0YW0Ko4vZWSIdEEWpsTHkbwten8H/SLLm47J7flov1q0UcOXAIjsAJwKAC6uAGNIAHKEjAA3gCz07qPDovzuu8dclZzByAH3DePgE8apCK</latexit>

t = 326.9h/Ub

<latexit sha1_base64="73f/M/H1MF4hA+IKE+cfED0/iAA=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4Gie19rEQim5cVnDaQjuUTJppQzOZIckIZehvuHGhiFt/xp1/Y6atoKIHLhzOuZd77/FjzpR2nA8rt7K6tr6R3yxsbe/s7hX3D9oqSiShLol4JLs+VpQzQV3NNKfdWFIc+px2/Ml15nfuqVQsEnd6GlMvxCPBAkawNlJfX56Xq3ZjfOYO/EGx5NiO4yCEYEZQreoY0mjUy6gOUWYZlMASrUHxvT+MSBJSoQnHSvWQE2svxVIzwums0E8UjTGZ4BHtGSpwSJWXzm+ewROjDGEQSVNCw7n6fSLFoVLT0DedIdZj9dvLxL+8XqKDupcyESeaCrJYFCQc6ghmAcAhk5RoPjUEE8nMrZCMscREm5gKJoSvT+H/pF22UcW+uK2UmlfLOPLgCByDU4BADTTBDWgBFxAQgwfwBJ6txHq0XqzXRWvOWs4cgh+w3j4BRaSQkA==</latexit>
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Conclusion and Future Work

• Wall-bounded turbulent flows may be computed with LES for the “outer” flow and 
a wall-model for the inner “universal” character

• For WMLES to be predictive STRONG VALIDATION is critical

• Stretched spiral SGS model employed for outer LES

• Wall model è ODE for shear stress and Dirichlet BC for velocity at a virtual wall

• Two case studies presented: (a) Airfoils (external) and (b) Periodic hill (internal) 
with emphasis on validation of “sensitive” quantities such as skin friction and 
Reynolds stresses

• Future Directions: (a) extend compressible flows, (b) apply to more complex 
configurations (e.g. NASA CRM – collaboration with Prof. Parsani at KAUST)
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